Abstract. Size-resolved chemical composition, mixing state, and cloud condensation nucleus (CCN) activity of aerosol particles in polluted mega-city air and biomass burning smoke were measured during the PRIDE-PRD2006 campaign near Guangzhou, China, using an aerosol mass spectrometer (AMS), a volatility tandem differential mobility analyzer (VTDMA), and a continuous-flow CCN counter (DMT-CCNC).
∼50 nm, f org was on average 60% and increased to almost 100% during a biomass burning event.
The VTDMA results and complementary aerosol optical data suggest that the large fractions of CCN-inactive particles observed at low supersaturations (up to 60% at S≤0.27%) were externally mixed weakly CCN-active soot particles with low volatility (diameter reduction <5% at 300 • C) and
Correspondence to: D. Rose (d.rose@mpic.de) effective hygroscopicity parameters around κ LV ≈0.01. A proxy for the effective average hygroscopicity of the total ensemble of CCN-active particles including weakly CCNactive particles (κ t ) could be parameterized as a function of κ a,p and the number fraction of low volatility particles determined by VTDMA (φ LV ): κ t,p =κ a,p −φ LV · (κ a,p −κ LV ).
Based on κ values derived from AMS and VTDMA data, the observed CCN number concentrations (N CCN,S ≈10 2 -10 4 cm −3 at S = 0.068-0.47%) could be efficiently predicted from the measured particle number size distribution. The mean relative deviations between observed and predicted CCN concentrations were ∼10% when using κ t,p , and they increased to ∼20% when using only κ a,p . The mean relative deviations were not higher (∼20%) when using an approximate continental average value of κ≈0.3, although the constant κ value cannot account for the observed temporal variations in particle composition and mixing state (diurnal cycles and biomass burning events).
Overall, the results confirm that on a global and climate modeling scale an average value of κ≈0.3 can be used for approximate predictions of CCN number concentrations in continental boundary layer air when aerosol size distribution data are available without information about chemical composition. Bulk or size-resolved data on aerosol chemical composition enable improved CCN predictions resolving regional and temporal variations, but the composition data need to be highly accurate and complemented by information about particle mixing state to achieve high precision (relative deviations <20%).
Introduction
Atmospheric aerosol particles serving as cloud condensation nuclei (CCN) play an important role in the formation of clouds and precipitation, and influence atmospheric chemistry and physics, the hydrological cycle and climate (Pruppacher and Klett, 1997; Seinfeld and Pandis, 2006; Lohmann and Feichter, 2005; IPCC, 2007; .
Substantial progress has been made in recent years in understanding the source processes that produce cloud-active aerosols, the properties that enable aerosols to act as CCN, the effects of aerosols on cloud physics and precipitation, and the consequences for the climate system (Andreae and Rosenfeld, 2008; Stevens and Feingold, 2009; Pöschl et al., 2009 , and references therein). To incorporate the effects of CCN in meteorological models at all scales, from large eddy simulation (LES) to global climate models (GCM), knowledge of the spatial and temporal distribution of CCN in the atmosphere is essential (Huang et al., 2007) . Several studies reported CCN measurements from various regions around the world (e.g., Andreae, 2009; Andreae and Rosenfeld, 2008; Bougiatioti et al., 2009; Broekhuizen et al., 2006; Chang et al., 2010; Dusek et al., 2006 Dusek et al., , 2010 Ervens et al., 2010; Gunthe et al., 2009; Hudson and Yum, 2002; Lance et al., 2009; Roberts et al., 2001 Roberts et al., , 2002 Roberts et al., , 2006 Shantz et al., 2010; Wang et al., 2008 Wang et al., , 2010 Yum and Hudson, 2004; Yum et al., 2005) . However, the actual influence and relative importance of aerosol size distribution, chemical composition, and mixing state on the variability and predictability of CCN concentrations remained a subject of continued discussion (e.g., Broekhuizen et al., 2006; Dusek et al., 2006; Hudson, 2007; Cubison et al., 2008; Wang et al., 2008; Bougiatioti et al., 2009; Gunthe et al., 2009; Ervens et al., 2010; Jurányi et al., 2010; Rose et al., 2010a; Wex et al., 2010) . Size-resolved measurements, long-term data sets, and uncertainty analyses of CCN modeling techniques are needed to resolve these issues.
Part 1 of this study (Rose et al., 2010a) presented the CCN properties of aerosol particles in polluted air and biomass smoke near the mega-city Guangzhou, China, as measured within the "Program of Regional Integrated Experiments of Air Quality over the Pearl River Delta" intensive campaign in July 2006 (PRIDE-PRD2006). Different model approaches for the prediction of the CCN number concentrations were tested. With a κ-Köhler model (Petters and Kreidenweis, 2007) using the measured particle hygroscopicity and number size distribution, the error in the prediction was on average less than ∼10%. Using a constant average hygroscopicity parameter (κ = 0.3) and variable size distributions as measured, the deviations between observed and predicted CCN concentrations were on average still less than 20%. These and other sensitivity tests in related studies (e.g., Dusek et al., 2006; Gunthe et al., 2009; Jurányi et al., 2010) suggest that the variability in particle number and size are more important than that in chemical composition and hygroscopicity for predicting the variability of CCN concentrations in continental boundary layer air. The mixing state of the particles with regard to their hygroscopicity, however, seems to be important for accurate CCN predictions (Medina et al., 2007; Cubison et al., 2008; Anttila, 2010; Ervens et al., 2010; Su et al., 2010; Wang et al., 2010) . Especially since close to anthropogenic sources aerosols typically comprise externally mixed carbonaceous particles (soot) with distinctive hygroscopic properties (Cubison et al., 2008; Kuwata et al., 2007; Wang et al., 2010) .
In this manuscript, we use the same CCN data set from the Chinese mega-city Guangzhou as presented in Rose et al. (2010a) to investigate whether including detailed information about aerosol chemical composition and mixing state from complementary measurements improve the predictability of CCN concentrations. For this purpose we apply data from aerosol mass spectrometry (AMS) and volatility tandem differential mobility analyzer (VTDMA) measurements that were performed in parallel to the CCN measurements during PRIDE-PRD2006.
In Sect. 3.1, we show how AMS data can be used for efficient prediction of the average effective hygroscopicity of CCN-active particles, assuming internal mixing of inorganic and organic components (e.g., Ervens et al., 2010; Cubison et al., 2008; Gunthe et al., 2009 ). In Sect. 3.2, we derive an approximate average κ value for externally mixed, weakly CCN-active soot particles, and we address their influence on the prediction of CCN concentrations. In Sect. 3.3, we present diurnal cycles of CCN, AMS, VTDMA, and complementary aerosol optical parameters, and we discuss how they are linked to local and regional aerosol sources.
Methods

Measurement location
The measurements were performed during the period of 1-30 July 2006 in Backgarden (23.55 • N, 113.07 • E), a small village ∼60 km northwest of Guangzhou on the outskirts of the densely populated center of the Pearl River Delta (PRD). Due to the prevailing monsoon circulation at this time of year, the air masses came mainly from the south/southeast, making this site a rural receptor site for the regional pollution resulting from the outflow of the city cluster around Guangzhou. For more information about the measurement location and meteorological conditions see Garland et al. (2008) and Rose et al. (2010a) . Rose et al., 2010a) . The κ parameters are effective hygroscopicity parameters (Petters and Kreidenweis, 2007) . Details about the definition and determination of all parameters can be found in Rose et al. (2010a 
Instrumentation and data processing
Aerosol inlet system
The main aerosol inlet used in this study was equipped with a Rupprecht and Patashnick PM 10 inlet (flow rate 16.7 L min −1 ). The sample flow passed through stainless steel tubing (1.9 cm inner diameter (i.d.), 5.1 m length) and a diffusion dryer with silica gel/molecular sieve cartridges (alternating regeneration with dry pressurized air, regeneration cycles 15-50 min, average RH=33±7%). After drying in this automated aerosol dryer (Tuch et al., 2009) , the sample flow was split into separate lines. One led to the CCN measurement setup described below (0.9 cm i.d. stainless steel, ∼4 m length, flow rate 1.5 L min −1 ), one to the setup measuring aerosol optical properties, and another one was used for aerosol particle size distribution measurements (3-900 nm) with a twin differential mobility particle sizer (TDMPS), and volatility measurements with a volatility tandem differential mobility analyzer (VTDMA). The inlet, dryer, size distribution measurements, and volatility measurements were operated by the Leibniz Institute for Tropospheric Research (IfT).
The aerosol mass spectrometry (AMS) data employed in this study were acquired by the University of Tokyo using a separate aerosol inlet system. The sample air for the AMS was aspirated from the rooftop of the building using a stainless steel tube of ∼6 m with an inner diameter of 10 mm. A PM 2.5 cyclone (flow rate 10 L min −1 ; URG Corp., USA) was used for the inlet to remove coarse particles, although the actual size-cut of the AMS is determined by the more restrictive transmission characteristics of its aerodynamic lens (approximately PM 1 ). The 10 mm tube was reduced to a tube with an i.d. of 4.4 mm and subsequently to a tube with an i.d. of 2.0 mm (∼0.49 m length) using two isokinetic manifolds in order to match the AMS sample flow and orifice assembly. The temperature of the tube and the AMS orifice was controlled at a constant value (40 • C or 42 • C, depending on ambient dew point) to dry the particles in the sample air. The relative humidity in the sample air was calculated to be within the range of 30-45% for the entire period of the campaign.
Cloud condensation nuclei (CCN)
Size-resolved CCN efficiency spectra (CCN activation curves, 16 min time resolution) were measured with a Droplet Measurement Technologies continuous-flow CCN counter (DMT-CCNC; Roberts and Nenes, 2005; Lance et al., 2006) coupled to a differential mobility analyzer (DMA; TSI 3071) and a condensation particle counter (CPC; TSI 3762; Rose et al., 2008) . The sheath air flow of the DMA was dried with a silica gel diffusion dryer to an average RH of <5%. In this setup the particles are rapidly dried upon entering the DMA. Thus, size selection is effectively performed under dry conditions, and the relative deviations in particle diameter should be <1% except for potential kinetic limitations (Mikhailov et al., 2009) . Key parameters derived from the measured CCN efficiency spectra are briefly explained and listed in Table 1 . For a detailed description of the parameters and more details about the measurement procedure, calibration, and data analysis see Part 1 of this study (Rose et al., 2010a) .
During PRIDE-PRD 2006, CCN data were recorded for six supersaturation (S) levels between 0.068% and 1.27%, but two levels (S = 0.67% and S = 1.27%) were not measured throughout the entire campaign (see Fig. 5 a, b of Rose et al., 2010a) . To avoid potential biases due to different averaging times, the data points measured at these S were omitted in the correlation analyses of this paper.
CCN size distributions were calculated by multiplying the CCN efficiency spectra (3-parameter CDF fit, Table 1 ) with the total aerosol particle (CN) number size distribution measured in parallel by a TDMPS (Sect. 2.2.6). Total CCN number concentrations (N CCN,S ) were obtained by integration of the CCN size distributions.
Aerosol mass spectrometry (AMS)
An Aerodyne quadrupole aerosol mass spectrometer (Q-AMS, referred to as "AMS" for brevity) was used to measure the size-resolved chemical composition of non-refractory (∼600 • C) submicron aerosol particles (Jayne et al., 2000) . The performance of the AMS during the PRIDE-PRD2006 campaign is described in detail by Takegawa et al. (2009) . The AMS data used in this study comprise a time series of mass size distributions (dM/dlogD va , ∼10 min time resolution) where D va is the vacuum aerodynamic diameter (DeCarlo et al., 2004) . The mass size distributions were calculated for inorganic ions (SO The mass concentration data of each size bin were averaged with the two adjacent size bins to minimize the influence of noise. To make the size-resolved AMS results directly comparable with the CCN and VTDMA measurement results, all calculations and plots in this study using AMS data were based on approximate mobility equivalent diameters that have been calculated by division of the AMS vacuum aerodynamic diameter by a scaling factor of 1.7, which is based on the assumption of an effective particle density of 1.7 g cm −3 as reported for similar locations (Cheng et al., 2006; Zhang et al., 2009) . Accordingly, the scaled AMS mass size distributions span a mobility diameter range of 27 nm to 850 nm and in the remainder of this study we refer only to mobility equivalent diameters.
For further analysis, only the mass concentrations measured at particle sizes > 50 nm were used. Below this size, the reliability of the AMS data was low due to the low detection efficiency of the instrument. Size-resolved mass fractions were calculated diameter-wise from the size distributions of mass concentration. The mass fraction of one chemical component is its mass concentration divided by the sum of the masses of all AMS measured components at this diameter.
To describe the chemical composition of the particles activated at the midpoint of the CCN efficiency spectrum, the AMS mass concentrations were integrated over the size interval of D a −σ a to D a +σ a (activation diameter ± CDF standard deviation). The mass concentrations within these intervals (m D ) were used to calculate mass fractions of inorganic and organic components (f inorg , f org ) for further analysis (e.g., correlation analysis). CCN efficiency spectra with D a −σ a <50 nm were excluded from further analysis. Thus, all CCN efficiency spectra measured at S = 0.87% and a part of those at S = 0.47% were excluded in the correlation analysis between CCN and AMS data.
Note that for a density correction factor lower than 1.7, the mobility equivalent diameter range for the AMS data would be linearly shifted to larger values. The effects on the prediction of hygroscopicity parameters (κ a,p , Table 1, Sect. 3.1.2), however, would be small because the size dependence of the composition was generally small. For example, a density factor of 1.5 instead of 1.7 would change the average value of κ a,p by ∼1% at ∼50 nm and by ∼3% at ∼200 nm.
Volatility measurements (VTDMA)
A volatility tandem differential mobility analyzer (VTDMA; Philippin et al., 2004) was used to measure the number size distributions of the non-volatile residuals of monodisperse particles that were heated at 300 • C (7 selected diameters in the range of 30-220 nm; time resolution of 1 hour for a complete cycle of 7 diameters). In polluted mega-city air, the material of submicrometer particles that is non-volatile at this temperature is considered to be mostly soot (Smith and O'Dowd, 1996; Burtscher et al., 2001; Kondo et al., 2006; Rose et al., 2006; Frey et al., 2008; Cheng et al., 2009; , which consists mainly of black or elemental carbon but may also contain some refractory organic matter (Andreae and Gelencsér, 2006; Pöschl, 2005; Sadezky et al., 2005) .
In the VTDMA, the measured size distribution of nonvolatile residuals usually separates into two or more modes.
The mode which appears in the size range of the initially selected diameter represents particles of low volatility (diameter reduction <5% at 300 • C), denoted as "LV-particles" for brevity ). The number fraction of LV-particles (φ LV ), i.e., their number concentration divided by the total particle number concentration, can be interpreted as the fraction of externally mixed fresh soot particles. Particles with smaller residuals and larger fractions of volatile material (diameter reduction >5%) can be regarded as aged and internally mixed soot particles .
For each VTDMA measurement cycle, a number size distribution of LV-particles was calculated by multiplying φ LV with the particle number (CN) size distribution (measured by the TDMPS) at the diameters selected by the VTDMA (D VT ). The resulting data points were fitted with a lognormal distribution for inter-and extrapolation.
Optical measurements (Nephelometer and PAS)
Total aerosol particle scattering coefficients at three different wavelengths (λ = 450 nm, 550 nm, and 700 nm) were measured with an integrating nephelometer (Model 3563, TSI) and the aerosol particle absorption coefficient at 532 nm was determined with a photoacoustic spectrometer (PAS; Desert Research Institute). The time resolution was 2 min for the nephelometer and 10 s for the PAS. The PAS data was averaged for two minutes to match the time scale of the nephelometer. The single scattering albedo at λ=532 nm (ω 532 ) was calculated from these parameters as described by Garland et al. (2008) and was used to correlate with the CCN properties. For more information on the aerosol optical properties during this campaign see Garland et al. (2008) .
Particle size distribution measurements (TDMPS)
The TDMPS (Twin differential mobility particle sizer) used in the PRIDE-PRD2006 campaign was a custom-made instrument from the IfT. In this instrument a combination of two DMAs and two CPCs is used to measure the particle size distribution for a wider size range (here 3-900 nm) than typical DMPS instruments do. For more information on operation, calibration, and uncertainties see Birmili et al. (1999) and .
Time resolution and selected periods
For correlation analyses, the time resolution of the AMS, VT-DMA, and optical data sets was adjusted to the time resolution of the CCN data. The AMS or VTDMA data point corresponding to a CCN data point was chosen to be the one that is closest in time within a time interval of ±10 min (AMS) or ±60 min (VTDMA). The optical data were averaged over the time interval of one CCN measurement (16 min). If for a CCN data point no corresponding AMS, VTDMA, or optical data point was available, the CCN data point was discarded.
Due to the resulting different averaging intervals, the campaign averages calculated in this study may differ from those of Rose et al. (2010a) . The CCN data set that was used in Rose et al. (2010a) comprised measurements from 30 June to 30 July 2006. The data set that was taken for the correlation analyses in this study, however, comprised CCN measurements from 12/14 July to 30 July 2006 because of the limited availability of the AMS/VTDMA measurements. Since the second half of July was characterized by two polluted periods (cf. Fig. 5 of Rose et al., 2010a) , in this study, the average particle hygroscopicity is lower and the average particle number size distribution is shifted to larger sizes compared to the findings of Rose et al. (2010a) .
The highly polluted period of 23 July 00:00 to 26 July 12:59 is referred to as the "biomass burning event (BBE)". As discussed in Part 1 of this study, this period was characterized by intense local biomass burning of plant waste by local farmers, which was visible in the vicinity of the measurement site. As in Rose et al. (2010a) , characteristic differences between the BBE and the rest of the campaign are also addressed in this manuscript. event (Fig. 1a) , the organic and the sulfate mass size distribution peaked at mobility equivalent diameters of around 220 nm and 250 nm, respectively. The mass size distributions of the other inorganic ions also peaked around 250 to 300 nm but at much lower concentration levels. The total mass concentration in the investigated particle size range (50-850 nm) was ∼(32 ± 29) µg m −3 , and the contributions of individual components are listed in Table 2 . During the biomass burning event (BBE, Fig. 1b) , the mass concentrations of all components were by a factor of ∼2 higher than during the rest of the campaign. The mass size distributions of the inorganic ions were narrower with the peak shifted to 300 to 350 nm. The mass size distribution of organic matter, however, exhibited two separate peaks around 170 nm and 300 nm, respectively. In the small particle size range (<∼200 nm) only the organic mass concentration increased during the BBE, whereas the inorganic ion concentrations remained almost the same as during the rest of the campaign. Figure 2 depicts the size distributions of the mass fractions of the individual chemical components averaged over the campaign excluding the BBE and averaged over the BBE. For both the averaging periods, the ratio of inorganic to organic mass increased with particle size. The larger particles (>∼200 nm) exhibited an inorganic mass fraction of 50-60% throughout the whole campaign, whereas for the smaller particles (50-200 nm) the mass fractions during the BBE differed a lot from those during the rest of the campaign (increasing organic mass fraction with decreasing size, up to almost 100% during the BBE and up to only ∼60% during the rest of the campaign).
In the same figure, the measured effective hygroscopicity parameter κ a (characteristic for the CCN-active particles) is plotted versus the activation diameter D a (Table 1 ). The scale of the κ-axis is chosen so that it matches the scale of the mass fraction according to the expected relationship between hygroscopicity and chemical composition, that is κ = 0.1 for aerosol that consists only of organic material and κ = 0.6 for aerosol consisting of only inorganic material. The approximate average organic κ value of 0.1 is consistent with earlier studies (e.g., Gunthe et al., 2009; Dusek et al., 2010; King et al., 2010; Pöschl, 2011 , and references therein) and within the characteristic range for individual organic compounds going from zero for insoluble species to ∼0.3 for small soluble molecules such as oxalic acid (Petters and Kreidenweis, 2007; Mikhailov et al., 2009) . Figure 2b shows that during the BBE, the κ data points follow the border between inorganic and organic mass fraction. This can be expected when assuming a simple approximative mixing rule for κ Dusek et al., 2010) . The predicted κ a value for particles of a certain size is:
with κ org and κ inorg being the effective hygroscopicity parameters for organic and inorganic components, and f org and f inorg being the organic and inorganic mass fractions at particle diameter D, respectively. By definition, the mixing rule for the κ values of different particle components refers to volume fractions, but mass fractions can be used for first-order approximations (Kreidenweis et al., 2008 (Kreidenweis et al., , 2009 ) assuming that the densities of individual components are similar to the overall particle density, which is reasonable for particles consisting mostly of organics and sulfate . In contrast, the κ values in the plot of the campaign average excluding the BBE (Fig. 2a) did not follow the line between inorganic and organic mass fraction as well. The hygroscopicity increased with particle size as did the inorganic mass fraction, but for D > 60 nm the observed κ a was higher than the expected hygroscopicity. This inconsistency can be partly attributed to the large number of data points with low mass concentrations that go into the campaign average and make the AMS data less reliable. For the BBE, this is not the case since the mass concentrations were generally much higher. To investigate the relationship between chemical composition and hygroscopicity of the aerosol particles more specifically, we correlated the observed κ a values obtained for every measured CCN efficiency spectrum with the measured organic mass fraction (f org ). When we performed this for all data points only a poor correlation could be found (R 2 = 0.44). This was most likely due to the large amount of data points for which the mass within the integration interval (m D , see Sect. 2.2.3) was very low (40% of the data points exhibited m D < 1 µg m −3 ), which negatively impacted the reliability of f org . The correlation shown in Fig. 3 consists therefore only of data points with m D ≥1 µg m −3 , which improved the fit (R 2 = 0.57, n = 379). Extrapolation of the fit line to f org = 0 yielded κ inorg = 0.64 ± 0.01 for the inorganic fraction, which is characteristic for ammonium sulfate and related compounds (Petters and Kreidenweis, 2007; Rose et al., 2008) . Extrapolation of the fit line to f org = 1 yielded κ org = 0.10 ± 0.02 for the organic fraction. This is similar to the average hygroscopicity parameters found in field measurements and chamber studies of secondary organic aerosol (SOA) Gunthe et al., 2009; Dusek et al., 2010) . Apparently, the differences between more and less water-soluble and hygroscopic organic compounds present in SOA and primary organic aerosols (POA, e.g., carboxylic acids, levoglucosan, polyfunctional aliphatic and aromatic hydrocarbons, proteins) tend to cancel out in the course of atmospheric mixing and chemical aging. 
Prediction of κ a and N CCN,S
In Fig. 4 the κ values predicted from the AMS measurement data (κ a,p , calculated from Eq. 1) are plotted against the κ values derived from the 3-parameter CDF fits to the measured CCN efficiency spectra (observed κ a ). Note that in this plot all data points are shown including the ones for which m D < 1 µg m −3 . The equation of a linear fit through the data points would be y = 0.53x + 0.15 and as expected from the above findings, κ a,p and the observed κ a exhibit a weak correlation (R 2 = 0.44) due to numerous outliers. They mostly correspond to values for which m D < 1 µg m −3 , which suggests that the outliers can be mainly attributed to unreliable AMS data due to low mass concentrations. They may also result from different and temporally varying molecular composition and hygroscopic properties of the organic fraction of the investigated aerosols. In the most frequent range of κ values (0.25 to 0.55; ∼80% of all data points), the predicted values deviate from the observed ones on average by less than 20%. For smaller values, κ a,p is generally larger than the observed κ a (by up to 100% and more), whereas for larger values it is mainly smaller (by up to a few tens of percent).
For each data point of Fig. 4 , the total CCN number concentration (N CCN,S ) was calculated by integrating the measured CN size distribution above the critical dry particle diameter for CCN activation that corresponds to the given values of κ a,p and S. In spite of the low correlation between the predicted and observed κ a , the mean relative deviations between the N CCN,S predicted on the basis of κ a,p (N CCN,S,p , Eq. 1, Table 3 ) and the observed values of N CCN,S were mostly less than 20% with a positive bias on average. This confirms the relatively low sensitivity of N CCN,S,p against κ as discussed already in Rose et al. (2010a) .
In Table 3 is shown that the over-prediction of N CCN,S,p compared to the observed N CCN,S becomes larger with decreasing supersaturation, which has been also found, e.g., in Rose et al. (2010a) , Wex et al. (2010) , and Gunthe et al. (2009) . This confirms that the prediction of N CCN,S is generally less robust at low S, which is due to the enhanced error sensitivity caused by the steep slope of the aerosol size distribution typically observed at the large activation diameters corresponding to low supersaturations (Ervens et al., 2007) and also to the stronger influence of externally mixed weakly CCN-active particles at large D and low S (Figs. 2-3 of Rose et al., 2010a) . Alternatively or in addition the changing degree of over-prediction with changing supersaturation may be caused by different solubility of the particles and surface tension effects. Table 3 also shows the N CCN,S,p calculated for the same data set using a constant κ of 0.3 (which is the campaign average value for κ t (Table 1) ) similar to the analysis performed by Rose et al. (2010a) . It is remarkable that the average deviations between predicted and observed values of N CCN,S are lower for the constant κ (19%) than when using the composition dependent κ a,p (22%), especially for the smallest supersaturation (19% versus 35% relative deviation). The same result was found by Gunthe et al. (2009) for a data set from pristine tropical rainforest air of Amazonia. It confirms that κ a,p is not sufficient to predict N CCN,S well, if a significant fraction of externally mixed weakly CCN-active particles is present as observed for this data set. The parameter κ a tends to overestimate the effective overall hygroscopicity of the ensemble of aerosol particles, because it describes only the hygroscopicity of the internally mixed CCN-active particles but does not account for the low hygroscopicity of the externally mixed weakly CCN-active particles in the ensemble (Rose et al., 2010a) . This is also in accordance with Wex et al. (2010) who concluded that the hygroscopicity derived from AMS data alone is not sufficient for accurate prediction of N CCN,S , and that it is important to determine the separate fraction of aerosol particles with low hygroscopicity.
CCN activity of low volatility particles (externally mixed soot)
Observations and derivation of κ LV
As stated in Rose et al. (2010a) , the CCN efficiency spectra observed at low supersaturations (S≤0.27%) did not reach full activation. This indicates the presence of externally mixed weakly CCN-active particles which were of much lower hygroscopicity and therefore activated only at higher supersaturation (Su et al., 2010) . Figure 5 shows the non-activated fraction (1-MAF f ; Table 1) plotted against D a +3σ a , which is the smallest particle size at which the CCN spectrum reaches MAF f . In the same figure, the number fraction of low volatility particles (φ LV ) is plotted against the initial diameter selected by the VTDMA (D VT ). From 30 to 220 nm, φ LV increased from 0.02 to 0.25. The non-activated fraction, 1-MAF f , followed almost exactly the same trend and increased from 0.05 to 0.27 over the diameter range of 55 to 230 nm. This coincidence suggests that the non-activated fraction may consist of fresh soot particles, as discussed and corroborated in the following. Figure 6 depicts the campaign median number size distributions of total CN, of the low volatility (LV-) particles, and of the non-activated particles at S = 0.068% (CCN size distribution at S = 0.068% subtracted from CN size distribution). The CN size distribution is monomodal and peaks around 90 nm with a maximum value of 20 000 cm −3 per logarithmic decade of particle diameter. The number size distribution of LV-particles peaks around 110 nm with a maximum value of 2500 cm −3 . The size distribution of the non-activated particles at S = 0.068% follows for particles larger than D a + 3σ a exactly the distribution of the LVparticles and for particles smaller than D a − 3σ a the distribution of CN. In the range between D a + 3σ a and D a − 3σ a (indicated by the dotted blue vertical lines), the particle activation occurs and thus the size distribution of non- particles jumps from following the LV-particle size distribution to following the CN size distribution. This figure indicates that the particles larger than ∼250 nm that do not activate at S = 0.068% represent the LV-particles measured by the VTDMA, which can be regarded as fresh externally mixed soot particles. They do not activate at this supersaturation because they are not sufficiently hygroscopic. The particles smaller than ∼250 nm are too small to activate even if they are more hygroscopic. In Fig. 7a the number fraction of 270 nm particles that activate at S = 0.068% (MAF m ) is plotted versus the number fraction of LV-particles at 220 nm as determined by the VTDMA (φ LV,220 ). In the CCN measurements, the 270 nm size bin was the largest size selected. For all supersaturations, the measured CCN efficiency spectra were not anymore raising at this size but reached a plateau level (MAF m ; cf. Fig. 3 of Rose et al., 2010a) . In the VTDMA measurements, the 220 nm size bin is the largest size selected. It can be assumed that φ LV measured at this size is comparable to φ LV at 270 nm, as seen from comparing the LV-particle size distribution with the CN size distribution (Fig. 6 ).
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The correlation plot in Fig. 7a shows that MAF m decreased with increasing φ LV with a linear least squares fit (red line) that is close to the 1:(-1) line. This is another indicator that the particles with a size of 270 nm that did not activate at S = 0.068% corresponded to the LV-particles at that size. Since they were not activated at 0.068% supersaturation they must have had a hygroscopicity of less than κ = 0.15 (Eq. (2) of Rose et al., 2010a) . Figure 7b shows that MAF m also correlated with the single scattering albedo of the investigated aerosol in the green wavelength range (ω 532 ; R 2 = 0.57). ω 532 is inversely related to the proportion of light absorbing material in the aerosol, which in the case of an urban-derived aerosol consists mostly of soot (black carbon). This supports that the non-activated particle fraction is related to the soot content of the aerosol.
Assuming that the difference between MAF m and (1-φ LV,220 ) approximately corresponds to the fraction of LVparticles that can be activated at a given supersaturation, we used the following equation to calculate CCN efficiencies for the LV-particles (that is, a CCN efficiency spectrum for fresh soot particles):
A similar approach has been already used by Kuwata et al. (2007) . In Fig. 8a , the campaign median values of the CCN efficiency of LV-particles calculated according to Eq. (2) are plotted against the supersaturation. The data point at S = 0.068% is slightly negative. The deviation from zero is within the range of measurement uncertainties, and it might also be influenced by deviations from the assumption that the LV-particles correspond to the non-activated particles. At S = 0.87%, the CCN efficiency of the LV-particles approaches unity. To obtain an effective average value for the critical supersaturation of CCN activation, the data points were fitted with a 3-parameter CDF, which yielded a midpoint value (critical supersaturation) of S c = 0.26% corresponding to a κ value of 0.009 (Eq. (2) of Rose et al., 2010a ). An alternative fit through all individual data points of the campaign (non-averaged) yielded S c = 0.25% corresponding to κ = 0.010.
Due to the few available levels of supersaturation, the CDF fits are not very well constrained, but the range of possible midpoint values is limited to S c = 0.068%-0.27% corresponding to κ = 0.15-0.008. Hence, we applied linear interpolation between these two data points as an alternative approach for calculating approximate midpoint values of S c = 0.22% and κ = 0.013 (at (N CCN /N CN ) LV = 0.5).
From both of these fits (CDF and linear fit), an approximate average value for the effective hygroscopicity of fresh soot particles of κ LV ≈0.01 can be derived from our CCN and VTDMA measurement data. This value is slightly lower but close to the ones that Wex et al. (2010) hygroscopicity tandem DMA (HTDMA) data for the low hygroscopicity particle fraction in urban and rural aerosols (κ = 0.02-0.04). Figure 8b shows the cumulative hygroscopicity distribution for the LV-particles at 270 nm, H (κ,270nm) LV = 1 − (N CCN /N CN ) LV . As explained in Su et al. (2010) , H (κ,D) corresponds to the fraction of particles with an effective hygroscopicity parameter smaller than the κ value plotted on the x-axis. The S values of Fig. 8a were converted into the corresponding κ values of Fig. 8b using Eq. (2) of Rose et al. (2010a) . The figure illustrates the spread of the LV-particles' effective hygroscopicity with a median value near κ LV ≈0.01, which will be used for further analyses. Correlation plot of (a) the predicted κ t as calculated from the CCN data (MAF m ) and Eq. (3) (κ t,p (CCN)) versus the observed κ t , (b) the predicted κ t as calculated from the VTDMA data (φ LV,220 ) and Eq. (4) (κ t,p (VT)) versus the observed κ t , and (c) the predicted κ t as calculated from the VTDMA data (φ LV,220 ), AMS data (f org , f inorg ), and Eq. 
Prediction of κ t and N CCN,S
With the derived hygroscopicity for low volatility particles (κ LV ≈0.01) and the CCN measurement results we infer a proxy for the effective average hygroscopicity of the total ensemble of aerosol particles, including internally mixed CCNactive particles as well as externally mixed weakly CCNactive particles (κ t ) as follows:
in which κ a is the observed effective hygroscopicity of CCNactive particles and MAF m the measured number fraction of CCN-active particles at 270 nm. In Fig. 9a , κ t,p is plotted versus the observed κ t . The two variables exhibited a very good correlation (R 2 = 0.94), whereby κ t was slightly over-predicted for small values and slightly under-predicted for large values. This plot shows that κ t,p can be successfully derived from knowledge of the effective hygroscopicity of CCN-active (κ a ) and weakly CCN-active particles (κ LV ) on the assumption that 1-MAF m comprises the fraction of CCN-inactive particles at a certain supersaturation. It confirms that κ t is indeed a suitable proxy for the effective hygroscopicity of an external mixture of CCN-active and weakly CCN-active particles (see Rose et al., 2010b) .
Assuming that the fraction of CCN-inactive particles at a certain supersaturation equals the fraction of LV-particles (1-MAF m ≈φ LV ), we infer the κ t,p value using the VTDMA measurement results as follows:
in which κ a is the observed effective hygroscopicity of internally mixed CCN-active particles and φ LV,D a the number fraction of LV-particles with D VT close to the activation diameter D a .
In Fig. 9b , κ t,p calculated from Eq. (4) is plotted versus the observed κ t . The two variables exhibited still a very good correlation (R 2 = 0.89), with κ t being slightly over-predicted for small values and slightly under-predicted for large values. It shows that κ t,p can be successfully derived from knowledge of the effective hygroscopicity of the internally mixed CCNactive particles (κ a ) and of the externally mixed low volatility particles (κ LV ), as well as the mixing state. Note that the relative deviation between the predicted and the measured κ t became a little larger when MAF decreased but not when φ LV increased.
In the next step, we predict κ t only from information about the size-resolved chemical composition of the particles and the mixing state, i.e., we use the AMS and VTDMA measurement results but no CCN data. κ t,p is then calculated by: Table 4 . Arithmetic means of the observed κ t and N CCN,S values, and characteristic deviations between predicted values (κ t,p and N CCN,S,p ) and those observed (relative bias and total relative deviation, including systematic and statistical errors) for the entire campaign. n κ and n N are the number of data points that are contained in the averages of κ t,p and N CCN,S,p , respectively. Note that comparable values from 
in which κ a,p is calculated from f org and f inorg by Eq. (1). Figure 9c shows κ t,p calculated with Eq. (5) plotted versus the observed κ t . It can be seen that the prediction of κ t only from data of the chemical composition and mixing state was less successful since only a moderate correlation (R 2 = 0.52) could be found. In the range between κ = 0.25 to 0.55, where ∼70% of the data points lay, the predicted values deviated from the observed ones on average by less than 20%. For smaller values, κ t,p was generally larger than the observed κ t (by up to 100% and more), whereas for larger values it was mainly smaller (by up to a few tens of percent). Table 4 shows that the deviations between κ t,p and the observed κ t increased with supersaturation. However, the deviations were independent of MAF (not shown here).
Similar to the calculation in Sect. 3.1.2, N CCN,S,p was determined from the predicted κ t values. In spite of the low correlation of predicted versus observed κ values, the relative deviations between N CCN,S predicted on the basis of κ t,p (VT,AMS) and the observed values of N CCN,S were on average 13% with a generally positive bias (Table 4 , Fig. 10 ). In contrast to the prediction using κ a,p (Eq. (1), Table 3 ), the deviations did not increase for the smaller supersaturations.
When calculating N CCN,S,p for the same data set using a constant κ of 0.3, the relative deviations between the predicted and observed values of N CCN,S were larger (∼18% on average) than when calculated with κ t,p (VT,AMS). This is in contrast to what was found in Sect. 3.1.2 (more accurate prediction of N CCN,S using a constant κ t = 0.3 than using individual κ a,p ) and it confirms the findings of Rose et al. (2010a) : κ t is a better proxy for the prediction of N CCN,S than κ a , if the aerosol consists of a fraction of CCN-active and a fraction of weakly CCN-active particles with much lower hygroscopicity. Moreover, a constant average value of κ = 0.3 is a good approximation, if no information on particle composition is available, but cannot account for the ob- served temporal variations in aerosol composition and CCN properties. Figure 11 depicts the campaign average size distributions of κ a,p and κ t,p and the average measured κ a and κ t versus the activation diameter as observed at the four selected supersaturations. κ a,p was calculated by Eq. (1) using the average size distribution of the organic and inorganic mass fractions. κ t,p was calculated by Eq. (5) using the size distribution of κ a,p and φ LV calculated from the average CN and LV-particle size distribution. Below 70 nm, κ a and κ t were almost the same for both the measured and the predicted values, but with increasing particle size, κ a became significantly larger than κ t . This can be explained by the increasing fraction of LV-particles with particle size as indicated by the grey dashed line in Fig. 11 , because κ t is the combination of the hygroscopicity of the CCN-active particles (κ a ) and the much lower hygroscopicity of the LV-particles (κ LV ).
Atmos. Chem. Phys., 11, 2817 Phys., 11, -2836 Phys., 11, , 2011 www For κ t , the observed values were only slightly higher than the predicted ones, but for κ a the measured values differed considerably for D > 70 nm. As observed already in Fig. 4 , κ a,p was significantly lower than κ a for larger κ values, which were typically observed for larger particle sizes (∼15% under-prediction for particles ≥70 nm). Since the uncertainty of mass concentrations was relatively small at these sizes, this result suggests that the discrepancy between measured and predicted κ a is not likely to be due to unreliable AMS data. It rather suggests that the effective hygroscopicity of the inorganic and/or organic fraction (κ inorg and/or κ org ) is size-dependent (increased κ inorg and/or κ org with increasing particle size). It may also result from different and temporally varying molecular composition and hygroscopic properties of the organic fraction of the investigated aerosols. Figure 12 displays the statistical distributions of the diurnal cycles of selected parameters obtained from 30 days of CCN, AMS, VTDMA, and optical measurements. The CCN derived parameters are plotted for higher and/or lower supersaturation corresponding to a smaller and larger particle size, respectively. The diurnal cycles of the κ values are presented as normalized parameters. To normalize the data, each observed value was divided by its respective 24-hour average (arithmetic mean) on the day of measurement. Thus, a value of one indicates the daily average. The AMS derived mass concentrations and mass fractions are also shown for small and large sizes (integrated from 50-70 nm and 150-250 nm, respectively).
Diurnal cycles
In panels a and b the diurnal cycles of the effective hygroscopicity of the CCN-active particles are shown. For the smaller particles measured at larger supersaturations (panel a), κ a exhibited a clear minimum in the evening (20:00 to 22:00) and maximum values during day time, whereas for the larger particles measured at lower supersaturations (panel b) hardly any diurnal variation existed (less than ±10% variation of the mean κ a ).
For small particles, the mass concentrations of the inorganic and organic components measured by the AMS also exhibited pronounced cycles (panels c and e). The inorganic mass concentration was lowest during the night and in the morning, started increasing at noon and reached its maximum at 16:00 to 18:00 (maximum twice as high as minimum mean value). Afterwards it went slowly down before it reached its minimum level around midnight. The organic mass concentration had its minimum level also in the morning but increased more slowly than the inorganics and reached the maximum only around midnight, which may be due to enhanced condensation of semivolatile SOA. Due to the slightly shifted cycles for organics and inorganics the inorganic mass fraction (panel g) exhibited also a diurnal cycle. It had its minimum level around midnight and a twice as high maximum around noon. Since the variation of the inorganic mass fraction determines the variation of κ a , the two cycles were very similar (panel g vs. a).
For the larger particles, the inorganic and organic mass concentrations (panel d, f) also exhibited pronounced diurnal variations although they were a little smaller than for the small particles. The minimum was around noon, but in contrast to the small particles the concentrations increased almost in parallel to each other to a maximum level at around midnight. Therefore, the inorganic mass fraction (panel h) varied only a little during the day, which explains the small diurnal cycle of κ a for the large particles (panel b). Figure 12k shows σ a /D a , which is the normalized width of the CCN efficiency spectra (3 parameter CDF fit). It indicates the degree of particle heterogeneity and would ideally be zero for a fully homogeneous aerosol (Rose et al., 2010a) . For small particles, the minimum values were reached around noon, while the maximum values at midnight were three times as high, which means that the particles were more homogeneously mixed during the day. For the larger particles, σ a /D a exhibited no diurnal variation (not shown here).
The diurnal cycles of the parameters discussed above indicate that the small aerosol particles were mainly formed from gas phase precursors (secondary aerosol formation). Intense new particle formation and growth leading to similar diurnal cycles were recently reported for another measurement site in the vicinity of a Chinese mega-city (Beijing, Wiedensohler et al., 2009 ).
In Fig. 12i and j, the diurnal cycles of the effective hygroscopicity of the total particle ensemble of particles, κ t , are plotted. They were more pronounced than for κ a especially for the large particles because they reflect also the strong The red dot is the mean value, the horizontal line in the box is the median, the limits of the boxes are the 25th and 75th percentile and the vertical lines extend to 5th and 95th percentiles. CCN derived parameters are plotted for higher (left panels) and/or lower (right panels) supersaturation corresponding to a smaller and larger particle size, respectively. The κ values are normalized by dividing the observed value by the daily average of that parameter. Mass concentrations and mass fractions are integrated from 50 to 70 nm (left panels) and from 150 to 250 nm (right panels). The results of the volatility and optical measurements support these findings. The number fraction of LV-particles (φ LV,220 , panel o) was lowest between 12:00 to 18:00. The LV-particles reached their absolute maximum fraction between 02:00 and 08:00, which was a few hours after the minimum of MAF m and κ t . The single scattering albedo (panel n) indicates higher proportions of light absorbing material (soot) during night (ω 532 ≈0.8) than during day time (ω 532 ≈0.9).
Most likely the diurnal cycles of the parameters shown in Fig. 12i -o were dominated by convective mixing during daytime leading to dilution and to a decrease of the soot fraction. After sunset, the formation of a stable nocturnal boundary layer in combination with the continued emission or advection of particles throughout the night led to an increase of the LV-particles (fresh soot). As mentioned also in and Garland et al. (2008) , truck traffic, dominated by high-emission diesel vehicles, increased sharply at night as a result of local traffic regulations. Since the measurement site was located in the upwind area of the mega-city Guangzhou, increased diesel emissions had to be expected and probably contributed to the evening increase in fresh soot at our site.
Summary and conclusions
In this study, which is a companion to Rose et al. (2010a) , we used data from AMS, VTDMA, and optical measurements to investigate and characterize the relationship between CCN activity, hygroscopicity, chemical composition, and mixing state of aerosol particles in mega-city air and biomass burning smoke.
Two different hygroscopicity parameters were derived from the CCN measurements. The parameter κ a characterizes the average hygroscopicity of the internally mixed CCNactive particles whereas the parameter κ t is an approximate measure (proxy) for the effective average hygroscopicity of the total ensemble of aerosol particles including internally mixed CCN-active as well as externally mixed weakly CCNactive particles. Both of these parameters were consistent with AMS and VTDMA measurement data. The κ a values increased with particle size from ∼0.25 at ∼50 nm to ∼0.4 at ∼200 nm. The organic mass fraction (f org ) was negatively correlated with κ a and decreased with particle size. For the smallest particles (∼50 nm), f org was on average 60% (campaign median), but increased to almost 100% during a biomass burning event (BBE). For particles ≥200 nm, it remained nearly constant during the entire campaign at 40-50%. Moreover, the mass concentrations of all chemical components measured by the AMS were about twice as high during the BBE than during the rest of the campaign. The campaign average mass concentration over the investigated size range (50-850 nm) was ∼40 µg m −3 .
Extrapolation of the linear correlation between κ a and f org yielded the following κ values for organic and inorganic particle components: κ org ≈0.1, which can be regarded as the effective hygroscopicity of secondary organic aerosol (SOA) and κ inorg ≈0.6, which is characteristic for ammonium sulfate and related salts. They were similar to those observed in other regions of the world (e.g., Gunthe et al., 2009; Dusek et al., 2010) . Both the size dependence and the temporal variability of effective particle hygroscopicity could be parameterized as a function of AMS-based organic and inorganic mass fractions : κ a,p =κ org ·f org +κ inorg · f inorg . The CCN number concentrations (N CCN,S ) predicted with κ a,p exhibited a substantial positive bias relative to the measurement results (up to +34% on average at S = 0.068%). This confirms that AMS data are not sufficient for accurate predictions of N CCN,S , if a significant fraction of externally mixed weakly CCN-active particles is present as observed for this data set.
As already described in Rose et al. (2010a) , the CCN efficiency spectra observed at low S (≤0.27%) exhibited maximum activated fractions (MAF) well below one, indicating substantial portions of externally mixed weakly CCNactive particles with very low hygroscopicity. The VTDMA measurement results and complementary aerosol optical data suggest that those particles were externally mixed soot particles with low volatility (LV-particles) freshly emitted from local and regional combustion sources. By combining CCN and VTDMA data we obtained an estimate of κ LV ≈ 0.01 for the effective average hygroscopicity of the LV-particles. Based on AMS and VTDMA data we could also calculate a proxy for the effective average hygroscopicity of the total particle ensemble: κ t,p = κ a,p − φ LV · (κ a,p − κ LV ). The prediction of N CCN,S with κ t,p (∼10% average deviation) was much better than with κ a,p (∼20% average deviation). These findings confirm that information on the mixing state is essential for highly accurate CCN predictions in polluted environments with strong combustion sources.
Throughout the measurement campaign, the LV-particle fractions and the deviations between κ t,p and κ a,p were enhanced during nighttime. These diurnal cycles are consistent with aerosol optical data and can be attributed to boundary layer mixing effects and enhanced nighttime emissions from combustion sources (Garland et al., 2008) .
The campaign average value of κ t ≈0.3 was the same as observed and estimated for other continental regions (Rose et al., 2010a; Andreae and Rosenfeld, 2008) . In accordance with recent simulations of the global distribution of κ with an atmospheric chemistry model (Pringle et al., 2010) , this value can be regarded as an approximate global average effective hygroscopicity parameter of CCN in continental air.
The prediction of N CCN,S assuming constant κ = 0.3 (∼18% average deviation) was worse than the prediction using variable κ t,p values based on AMS and VTDMA data but slightly better than the prediction using variable κ a,p values based on AMS data only. These results re-confirm that on a global and climate modeling scale κ = 0.3 is suitable as a first-order approximation for the effective hygroscopicity and CCN activity of continental aerosols, although it cannot account for the regional and temporal variations in aerosol composition and mixing state.
Depending on the required and applicable level of detail, the information and parameterizations presented in this study should enable efficient description of the CCN activity of atmospheric aerosols in detailed process models as well as in large-scale atmospheric and climate models.
